The barrier capabilitr of sputter deposited Cr and reactively sputter deposited CrN films against Cu diffusion in a structure of Cu/barrier/p n junction diodes was investigated by means of t1ermal annealing at elevated temperatures in conjunction with electrical measurements and material analysis. For a 500 A thick barrier layer, the barrier capability of a pure Cr layer was limited to temperatures up to 500°C, while CrN films sputter deposited in a gas mixture of Ar and N2 showed improved barrier capabilities. With Ar/N2 flow rates of 24/6 to 24/12 standard cubic centimeters er minute, the deposited CrN films possessed a much improved barrier capability. In particular, the Cu/CrNr (24/9)/p n junction diodes were capable of sustaining 30 mm of thermal anneal at temperatures up to 700°C without degradation of the diodes' electrical characteristics. The failure of Cu/Cr/p*n and Cu/CrN/pn junction diodes under extreme thermal treatment was presumed to arise from two mechanisms: grain boundary diffusion for lightly nitrogen doped CrNr and pure Cr barriers, and localized defect (microcrack) diffusion for excessively nitrogen doped CrN, barriers.
nology, the requirement to increase device density necessitates the improvement of multilevel metallizations."2 As the linewidth of aluminum (Al) interconnects is scaled down to deep submicrometer dimensions, the electrical resistivities of Al and its alloys are no longer low enough to reduce the interconnect propagation delay. 3 The Al interconnection line also suffers from earlier electromigration failure under high current density.4-6 Furthermore, hillocks form on Al films at processing temperatures as low as 300°C , and cause interlevel (as well as intralevel) shorting by penetrating through the dielectric layers that separate neighboring interconnect lines. 7 Copper (Cu) has been extensively studied as a potential substitute for Al and Al alloys in multilevel metallization of semiconductor devices and integrated circuits.1'2 Copper metallization for multilevel interconnects has many advantages, such as high melting point,8'9 high electromigration resistance,'° low electrical resistivity,1'8 and thus low interconnect RC time delay, low reaction tendency with commonly used diffusion barrier materials,"8'° and, probably, overall back-end process simplicity. However, there are a number of difficulties associated with the application of Cu in silicon-based integrated circuits, for example, poor adhesion to dielectric layers,1 difficulty in dry etching,3'1' easy diffusion in silicon and Si03, deep level trap in silicon, and formation of Cu silicides at low temperatures. All of these drawbacks have detrimental effects on the device reliability'2-'7 Therefore, the use of barrier layers between Cu and Si as well as Cu and Si02 becomes essential to the successful use of Cu in integrated circuit applications.
A large number of barrier layers have been studied. '7 Among them, refractory metals (Cr, Nb, Ti, Mo, W, and Ta) and their nitrides have been investigated as diffusion barriers because of their high melting points, high thermal stability, good adhesion to dielectrics, and good electrical conductivity.'72' Chromium (Cr) and its nitride (CrN) films are widely used as scratch and corrosion passivation layers in field application.22'23 Nonetheless, little work has been reported regarding the properties of Cr-related thin films that serve as diffusion barriers in Cu metallization systems. In this work, Cu/Cu/n-Si and Cu/CrNjn-Si structures were investigated with respect to the barrier capability of the sputtered Cr and reactively sputtered CrN films against Cu diffusion.
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Experimental
For this study, Cu/Cr/pn and Cu/CrNr/pn junction diodes were fabricated from n-type, (100) oriented, 4 in. diam Si wafers with a nominal resistivity of 1-7 (1 cm. After a standard RCA cleaning,24 5000 A Si02 was thermally grown in a pyrogenic steam atmosphere at 1050°C. Square active regions with areas ranging from 100 x 100 to 1000 X 1000 p.m were defined by the conventional photolithographic method. Then a 250 A screen oxide was thermally grown in dry oxygen atmosphere at 900°C. The pn junctions were formed by BF2 implantation at an energy of 40 keV to a dose of 3 X i0' cm2 followed by thermal annealing in a N2 atmosphere at 900°C for 30 mm. The screen oxide was then removed using a dilute HF solution. The junction made by this process was estimated to be 0.25-0.30 p.m. The wafers were loaded into a sputtering system immediately following the screening oxide removal. A 500 A, Cr or CrN barrier layer was sputter deposited, followed by another deposition of 2000 A Cu overlayer without breaking the vacuum. The Cr film was sputter deposited using a pure Cr target (99.9999% purity) in Ar atmosphere, while the CrNr layers were deposited by reactive sputtering using the same Cr target in a gas mixture of Ar and N3 with various flow rates. The base pressure of the sputtering chamber was 2 X iO Ton, and films were sputtered at a pressure of 7.6 mTorr. For the purpose of easy identification, the CrN films deposited with various flow rates of Ar and N3 are designated as CrN (a/b) hereafter, where a and b stand for Ar and N2 flow rates in standard cubic centimeters per minute (sccm), respectively, in the sputtering gas mixture. After the deposition of the Cu overlayer, the Cu/Cr as well as the Cu/CrN dual layers were patterned using the lift-off method.
The Cu/barrier/pn samples were thermally annealed in a furnace for 30 mm at temperatures ranging from 400 to 800°C in a N3 atmosphere. At the end of the thermal treatment, samples were retained in the furnace with N2 flushing until the temperature was below 200°C; then samples were removed from the furnace. Reverse bias leakage currents were measured at a reverse bias of 5 V for the samples with various junction areas. Typically, for each case, eighteen randomly chosen diodes were measured using an HP4145B semiconductor parameter analyzer.
Unpatterned samples of Cr/Si, CrNJSi, Cu/Cr/Si, and Cu/CrN/Si structures processed in the same process run were also prepared for material analysis. Sheet resistance was measured using a four-point probe on the unpatterned samples. The phase composition was identified by X-ray diffraction (XRD) analysis. Scanning electron microscopy (SEM) was used to investigate the surface morphology and the cross section of the samples. The nitrogen content (atomic concentration, designated as N atom %) in the asdeposited CrN film was obtained by Auger electron spectroscopy (AES) analysis.
Results and Discussion
Thermal stability of Cu/barrier/pn junction diodes.- Figure 1 shows the statistical distributions of reverse bias (5 V) leakage current densities for the Cu/Cr (500 A)/pn junction diodes as well as for the Cu/CrNr(500 A)/pn junction diodes annealed at various temperatures. In this study, we defined a leakage current density larger than 1 X i0 A/cm2 as a failure. The Cu/Cr/pin junction diodes (Fig. la) were able to sustain a 30 mm thermal treatment up to 500°C without causing degradation; however, annealing at 550°C resulted in severe degradation. For the Cu/CrN(24/4)/pn junction diodes (Fig. ib) , diode degradation after annealing at temperatures above 600°C was observed, showing an at least 50°C improvement of the thermal stability over the Cu/Cr/pn diodes. Further improvement was observed for the Cu/CrN,/24/6)/pn and Cu/CrNr(24/12)/pn junction diodes ( Fig. ic and e ), which were able to sustain the thermal treatment up to 600°C. The best resu1t was observed for the Cu/CrN(24/9)/p*n junction diodes (Fig. id) , which remained stable at temperatures up to 700°C. This is an improvement of 200°C as compared to the Cu/Cr/pn junction diodes. However, the thermal stability of Cu/CrN(24/16)/pn diodes ( Fig. if) showed only slight improvement over that of Cu/Cr/pn diodes.
Average values of leakage current density vs. annealing temperature for all the Cu/CrN/pn junction diodes are summarized in Fig. 2 . The results indicate that the thermal stability of Cu/Cr/pn junction diodes can be substantially improved by using reactively sputtered CrN films with appropriate nitrogen contents in a sputtering gas mixture of Ar and N2 instead of a pure Cr barrier layer.
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(f) (Fig. 4b-d) . Also, microcracks were clearly observable on the surface of the CrN(24/l6) film (Fig. 4d) , which was sputtered in a gas mixture with a high content of nitrogen (flow rate 16 sccm). Figure 5 shows XRD spectra for the as-deposited and thermally annealed Cr and various CrN films deposited on Si substrates. For the as-deposited samples (Fig. 5a) , the Cr/Si sample exhibited a strong Cr(ll0) preferred orientation as well as a weak diffraction peak corresponding to the Cr oxide, presumably due to air exposure of the samples before taking the XRD analysis, because Cr is inherently an oxygen absorber.8'9 For the CrNJSi samples, the Cr nitride (CrN) phase appeared, and the intensity of the diffraction peak became stronger with increasing nitrogen content in the sputtering gas mixture. The CrNr(24/4)/Si (not shown) and CrN(24/6)/Si samples revealed similar XRD spectra, i.e., neither Cr nor CrN diffraction peaks were observed. The CrN(24/9)/Si sample revealed a polycrystalline CrN phase of (111) and (200) orientations. The CrN(24/l2) and CrNr(24/16) (not shown) samples showed similar spectra, in which only CrN(1 11) X-ray reflections were found. For the thermally annealed samples (Fig. 5b) , the XRD spectra showed basically the same nitride phase detected in the corresponding as-deposited samples. However, a silicide (CrSi2) phase appeared on the Cr/Si sample annealed at (a) temperatures of 600°C and above. Figure 6 shows the resistivity of CrN films vs. nitrogen volume fraction in the sputtering gas mixture, showing an N-shaped variation. Figure 7 shows the deposition rate of CrN films for various sputtering powers vs. nitrogen volume fraction in the sputtering gas mixture. As was expected, higher sputtering powers resulted in higher deposition rates. Furthermore, higher volume fractions of nitrogen in the sputtering gas mixture resulted in lower deposition rates.
Thermal annealing of Cu/Cr/Si and Cu/CrNJSi structures.-XRD spectra of as-deposited and thermally annealed Cu/Cr/Si and Cu/CrNJSi samples having 500 A thick barrier films are illustrated in Fig. 8 . For the asdeposited samples, the phase composition of the Cr and CrN films remained unchanged as compared with the corresponding samples without a Cu overlayer. In addition, there were no obvious differences between the spectra of as-deposited and the corresponding low temperature annealed samples. Figure 9 shows sheet resistance vs. annealing temperature for various Cu/CrN/Si samples.
After annealing at a temperature of 400°C, all samples revealed a slight decrease of sheet resistance, presumably due to the healing of sputter induced defects and the crystallization of the Cr and CrN, films.1"125 For the Cu/Cr/Si sample, sheet resistance revealed a drastic increase after N2 Volume fraction (%) Fig. 7 . Deposition rate of CrN,, films vs. N2 volume fraction in the sputtering gas mixture for various sputtering powers.
annealing at 500°C, and the XRD analysis showed the appearance of Cu3Si phase after annealing at temperatures as low as 550°C, but showed no appearance of Cr silicide phase (Fig. 8a) . For the Cu/CrN(24/4)/Si sample, Cu3Si and CrSi2 were observed after annealing at 650°C (Fig. 8b) and the sheet resistance also showed a drastic increase (Fig. 9a) . For the samples with Cr or CrNr(24/4) as a barrier layer, the results of the electrical measurements ( Fig. 1 and 9 ) and the XRD analysis (Fig. 8) pies with a barrier layer of CrN films deposited with a higher nitrogen content in the sputtering gas mixture (Ar/N2 flow ratio less than 24/6), Cu suicide was also detected by XRD analysis at and above the temperatures of the observation of electrical failure (Fig. 1, 8 , and 9d-f); however, no Cr silicide phase was observed. The samples with CrN(24/9), CrN(24/12), and CrN(24/16) barrier layers showed only a moderate increase of the sheet resistance after annealing at temperatures above 600°C; this indicated that the interaction between Cu and Si substrates was not sensitively detectable by sheet resistance measurement and XRD analysis, but was serious enough to detrimentally increase the junction leakage current. Figure 10 shows SEM micrographs for the Cu/Cr/Si and Cu/CrNJSi samples annealed at elevated temperatures; formation of Cu silicide can be clearly observed. After annealing at high temperatures, tetragonal92628 Cu3Si was observed. Deformed and ruptured films due to the stress induced by the volume change of suicide formation were easily observed for the Cu/Cr/Si sample annealed at 600°C (Fig. lOa and b) and the Cu/CrN(2 4/4)/Si sample annealed at 650°C (Fig. bc) ; they were also observed for the Cu/CrN(24/6)/Si sample annealed at 800°C (Fig. lOd) and the Cu/CrN(24/9)/Si sample annealed at 750°C (Fig. be) , though they were found in fewer numbers. For the Cu/CrN(24//16)/Si sample that revealed microcracks in the as-deposited CrN film (Fig. 4d) , thermal annealing resulted in porosity of the Cu overlayer (Fig. lOf) , presumably resulting from the fast inward diffusion of Cu through the microcracks.2°D
iscussion.-In Fig. 5 , it was observed that the sputtered Cr film revealed a Cr(110) preferred orientation, which remained stable after annealing at temperatures up to 500°C. For the reactively sputtered CrNr films, diffraction peaks of CrN phase appeared and the intensity of the peaks increased with the nitrogen content in the sputtering gas mixture. In addition, the CrN phase with the (111) preferred orientation was detected for the samples of CrN(24/12) and CrN(24/l6). Because all the CrN1 films were reactively sputtered using the same conditions except the Ar/N2 flow rates, we assume that the nitrogen content in the sputtering gas mixture should be responsible for the orientation preference.
For the CrN films deposited with low nitrogen flow rates, the incorporated nitrogen did not react with the sputtered Cr; instead, the nitrogen tended to collect in the grain boundaries of the deposited Cr films. As a consequence of lattice deformation, the resistivity of the Cr films increased with the increase of nitrogen content. This is designated as region 1 for the N-shaped curve shown in Fig. 6 . Eventually, the crystalline structure of the Cr film was destroyed and the XRD data showed a nearly amorphous spectrum, which revealed no distinguishable diffraction peak after annealing at temperatures up to 600°C. As the nitrogen content in the sputtering gas mixture was increased, the chemical reaction of Cr and nitrogen increased, resulting in the formation of Cr nitride, and thus decreasing resistivity (region 2 of Fig. 6 ). The XRD data were similar to that shown in Fig. 5 for the sample of CrN(24/6)/Si, which revealed very weak but still distinguishable diffraction peaks of CrN after annealing at 600°C. As the nitrogen content in the sputtering gas mixture was further increased, a portion of the incorporated nitrogen turned to decorate grain boundaries of the polycrystalline Cr nitride in addition to increase the N atom % in the deposited films; thus, resistivity of the film increased again. However, we assume that there is a competing sputter deposition/etching process in the sputtering chamber. The nitrogen in the reactive sputtering process served as a reactant for the formation of Cr nitride and also supported the N2 plasma, which would sputter etch the deposited Cr nitride film. When the nitrogen flow rate in the sputtering gas mixture was increased to a notable amount, the rates of sputter etching and sputter deposition became comparable.25'3° Thus, we observed the ceasing of the increasing trend of N atom % (Fig. 3) , the decrease of deposition rates irrespective of the deposition power (Fig. 7) , and the increase of surface damages of the films. Eventually, as the nitrogen flow rate was increased to an excessive amount (e.g., an N2 flow rate of 16 sccm), microcracks ( There are two possible types of Cu diffusion paths in the Cr-based barrier layers. First, for the Cr and CrN films deposited with low nitrogen content in the sputtering gas mixture (N2 flow rates below 6 sccm), Cu diffuses to the Si substrate through the barrier layers along the grain boundaries which are deficient in nitrogen decoration. Second, for the CrN films deposited with high nitrogen content in the sputtering gas mixture (N2 flow rates above 12 sccm), localized defects, such as microcracks, provide fast diffusion paths for Cu diffusion. Cu can diffuse to the Si substrate by way of these diffusion paths and deteriorate the electrical characteristics of the pn junction diodes,1247 and form localized Cu3Si grains as shown in Fig. 10 . As the grains of Cu3Si grew, the volume difference between Cu and its silicide resulted in the deformation of the Cu overlayer and the protrusion of Cu2Si through the Cu overlayer as well as the intrusion of Cu3Si grains into the underlying Si substrate. Presumably, the roles of the nitrogen are to collect at the grain boundaries of the as-deposited barrier layers and to form Cr nitrides. For the CrN,, films deposited with low nitrogen content in the sputtering gas mixture, there was not enough nitrogen incorporation and a Cr nitride phase was not detected. For the CrN films deposited with high nitrogen content in the sputtering gas mixture, the nitrogen content in the CrN films was increased and CrN was detected. The abundant supply of nitrogen not oniy formed Cr nitride but also blocked the grain boundaries of the Cr nitride; thus, it should possess a superior barrier capability. However, CrN films deposited with very high nitrogen content in the sputtering gas mixture (e.g., N2 flow rate of 16 sccm) possessed sputter-induced defects such as mirocracks. Therefore, the defect-related failure took dominance and the electrical characteristics of the pn junction diodes tended to deteriorate with increasing annealing temperature. For the CrN films deposited with medium nitrogen content in the sputtering gas mixture (N2 flow rates from 6 to 12 sccm), failure would occur due to both mechanisms. Moreover, the barrier capability of CrN films deposited with nitrogen flow rate of 9 sccm (i.e., the CrN(24/9) film) was the best among all the Cr nitride films investigated.
Conclusion
This work investigated the barrier capability of sputter deposited Cr and reactively sputter deposited Cr14,, films against Cu diffusion in a structure of Cu/barrier/pn junction diodes. The CrN,, films deposited in a sputtering gas mixture of Ar and N2 with Ar/N2 flow ratios from 24/6 to 24/12 were found to possess efficient barrier capability. For a 500 A thick layei we found that the Cu/CrN,,(24/9)/pn junction diodes were capable of sustaining 30 mm of thermal annealing at temperatures up to 700°C without degradation to the diodes' electrical characteristics. The dorresponding thermal stability of junction diodes using a pure Cr barrier layer was found to be 500°C. The failure of Cu/CrN,,/pn junction diodes under extreme thermal treatment was presumed to be arising from two mechanisms: grain boundary diffusion for the lightly nitrogen doped CrN,, including the Cr barriers, and localized defect (microcrack) diffusion for the excessively nitrogen doped CrN,, barriers.
HVIC device structure using semi-insulating a-SiN:H films.-The schematic structure of the device is shown in Measurements.-The thickness of the film was determined by a laser-based ellipsometer. The density of the film was calculated using the mass determined by measuring the sample weight before and after deposition, and the volume of the film. The transmission infrared spectrum of the film was taken with Fourier transform infrared (FTIR)
